Introduction 38
Native oyster populations, which historically dominated many coastal and estuarine ecosystems, 39 have been driven globally to the brink of functional extinction by overexploitation (Beck et al., 40 2011). Populations of oysters, such as the European oyster Ostrea edulis (Linnaeus), continue to 41 3 remains important to fisheries around the UK, conservation aims need to sustain localdredge towed at speeds of less than 2 knots by the 37 ft fishing vessel 'Vital Spark'. In CH, 123 sampling occurred every 2-3 weeks from April to October in 2011, using a small Van Veen Grab 124 which enabled a total collection of 212 oysters. In the laboratory, all samples (across both sites) 125 were first weighed wet (shell and flesh), the shell height measured with calipers, and then either 126 dissected immediately or the shells were broken and oysters fixed and stored in 4% borax 127 buffered formalin. When dissected, the gonad was removed and cut into two or three pieces 128 approximately 4 mm thick. The tissue was dehydrated through a series of increasing ethanol 129 concentrations (30, 50, 70, 90, 95 and 100%) (Meneghetti, Moschino, & Da Ros, 2004 ) and finally 130 washed with Histoclear. The tissue was mounted in paraffin wax 131 2007) and sectioned using a Leica RM2255 microtome at 7 -9 µm thickness throughout the 132 sample. Multiple slides were created for each oyster with several sections on each to ensure a 133 clear section of the gonad. The slides were stained using an adapted Haematoxylin and Eosin 134 procedure (Howard & Smith, 1983) to identify the gametic cells within the tissue and examined 135 using a light microscope (Olympus BX41). The sex (predominantly in either the male or female 136 phase, see Figure 2 ) and stage of gametogenic development were determined for each oyster. 137
Gametogenic stages were scored according to the classification schemes devised by Wilson & 138 Simons (1985) and Loosanoff (1962) where gonads were categorised into seven stages (gonad 139 index) as in early or late development, early maturation, ripe, partially spent, spent or inactive. 140
The water temperature of LR was recorded every ten minutes using a Hoboware temperature 141 logger securely tied to a creel next to the oyster beds at approximately 5 m depth and retrieved 142 monthly to download the data. Temperature at CH was taken from a probe on the Camber Pile 143 weather station, based about 2 nautical miles from the sampling location (accessed online from: 144 cambermet.co.uk), just below the water surface. A temperature probe was used on four 145 occasions to measure the temperature offset between the weather station pile and the oyster
Data analysis 148
All statistical analyses were carried out in R Studio (version 0.99.903 and R version 3.3.1) (R Core 149 Team, 2015) , where the monthly sex ratio of the Loch Ryan population was compared to the 150 suggested 'ideal' ratio of 1:1 using Chi squared tests, due to the multiple tests carried out within 151 the hypothesis the p value was corrected using the Bonferroni correction. The annual sex ratio for 152 2013 and 2014 were also compared to a 1:1 ratio using Chi squared and then the 2013 ratio with 153 the 2014 ratio. The sex ratio over both years was pooled for the Loch Ryan site and compared to 154 other previously assessed populations in LR (1960/61) (Millar, 1963; 1964) so heavily skewed towards a male population, that the pooled annual ratio became skewed 189 (Table 1) . Of the oysters sampled from LR in 2013, 87 displayed predominantly male 190 characteristics and 54 female characteristics, whilst the rest were characterised as spent. This 191 resulted in an overall 3 male: 2 female ratio among unspent animals, which differed significantly 192 from parity (Table 1) . Similarly, the sex ratio in 2014 (2 male:1 female) showed a significant 193 departure from parity (Table 1) (Table 3) . 275
The sex ratio of a population is vital to ensure breeding success but the impact of a skewed ratio 276 is also dependent on population density and subsequent larval settlement and survival. For 277 example, oysters in a healthy reef are typically densely aggregated, therefore a predominance of 278 males would have a reduced impact on reproductive output because, although there are fewer 279 females, these are highly likely to be fertilised and produce larvae as a consequence of their close 280 proximity to males and an increased substrate for larval settlement and survival. Although a 281 predominance of males could compensate for sperm dilution in populations that have low 282 densities, we found no significant relationship between the proportions of males and brooding 283 females ( Figure 7D ). So in wild populations under fisheries stress, a male-skewed sex ratio does 284 not appear to be an effective compensatory response. 285
Brooding 286
Ostrea edulis differs from most other oyster species such as Crassostrea spp., where ample 287 phenology information is available, by being a larviparous brooder. The proportion of brooding 288 females in a population is a useful measure of reproductive output in O. edulis, particularly when 289 supported by data on brood size. The overall percentages of brooding oysters in LR (20% in 2013 290 and 8% in 2014), were consistently higher than other recently documented UK rates and, 291 according to Walne (1974) , within the suggested range for healthy populations. In comparison, 292 only 6.1% of oysters (translocated from LR) sampled in 2014 in Mumbles Bay, Wales were foundto be brooding (Syvret, Woolmer & Eagling, 2015) and in Lough Foyle (Northern Ireland) the 294 proportion of the population brooding has been < 8% over the past three years (Bromley, 2015) . 295
However, the proportion of oysters brooding was low in comparison with historical reports from 296 other sites such as West Mersea, Essex (45%) and the Fal Estuary, Cornwall (44%) (Orton, 1927 ) 297 and showed inter-site and inter-year differences. Although recording the proportion of brooding 298 individuals within a population provides a useful baseline for measuring reproductive success, we 299 suggest this should be combined with sex ratio data in order to assess what percentage of the 300 female population is brooding. To illustrate how this could provide greater insight into population 301 viability, we can consider a theoretical oyster population of 90 individuals where 10% of the 302 population are known to be brooding. This appears to be a relatively low value, however, if we 303 then discover that the sex ratio is 1:8 (10 females and 80 males), this represents successful 304 fertilisation of 90% of females within the population. With the benefits of such insight, 305 appropriate strategies can be developed to aid sustainable management of populations. 306
Factors affecting sex ratio 307
The sex ratio within a population may also skew seasonally in relation to local environmental 308 conditions, with a particular sensitivity to water temperature. This has been noted in many 309 ostreid species, such as C. gigas where sex determination is strongly influenced by temperature 310 with a genetic component facilitating male skewed ratios at high temperatures (Santerre et al., 311 2013). In our study, significantly male skewed sex ratios were observed in LR, following a 312 temperature spike. Previous studies also found that temperature has an effect on sex ratios in 313 observed as male may relate to low metabolic reserves. Mann (1979) found that when O. edulis 316 were kept at 18°C or above, the sex ratio was significantly skewed towards males. Millar (1963, 317 over 16°C (Figure 5 ). These previous findings support evidence from this study that O. edulis 319 populations may have a critical temperature threshold for sex determination. Higher 320 temperatures were observed in Chichester Harbour, England where the sex ratio was consistently 321 more skewed than 2:1 and similar temperatures were observed in Southampton where the sex 322 ratio was observed to be 6:1 (Kamphausen et al., 2011) other stressors are thought to be low at LR, temperature is considered to be a main influencer on 338 the sex ratio here. This study site can provide a baseline for the restoration of other healthy UK 339 sites to sustainable levels. 340
The sustainability of exploited oyster populations is itself dependent on many factors includingimpacts will vary significantly depending on the population dynamics and factors such as 344 broodstock density, fertilisation success, and the subsequent larval settlement and survival. A 345 strongly biased sex ratio within dispersed populations, such as those in the Solent, England have 346 led to these fishing beds being temporarily closed to fishing due to low oyster density (Southern 347 IFCA pers. comm., 2016). Broodstock density itself is also influenced by fishing pressure, disease 348 (Cochennec, Le Roux, Berthe, & Gerard, 2000) and environmental stress, such as atypically cold 349 winters (Orton, 1940) . Furthermore, any larvae produced must survive to settlement, dependent 350 on predation, the availability of food and suitable settlement substrata. Through active 351 management, the sustainability of populations can be improved e.g. through restocking, relaying 352 beds (Eagling, 2015) , relaying shell (cultch) to provide suitable substrate for larval settlement and 353 management of fishing pressures . The sex ratio in LR was skewed but the 354 population appears to be sufficiently densely laid to maintain a high percentage of brooding 355 oysters. For current restoration projects, we would suggest that striving to achieve the perceived 356 ideal 1:1 sex ratio is unlikely to be successful as this is strongly related to ambient conditions that 357 cannot be controlled. 358 359
Conclusions 360
Life-history theory attempts to predict the relative influences of density-dependent and 361 independent influences on life cycles and population dynamics (Winemillar, 2005) . Although 362 density-dependent factors are likely to be the major cause of the decline and collapse of many 363 fisheries, including those for oysters (Kamphausen, 2012; Laing, Walker, & Areal, 2005) , here we 364 propose that such effects will be exacerbated by density-independent factors, such as 365 temperature. Under predicted climate change scenarios, the shelf sea temperature around the 366 UK is projected to increase by 1. 
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